INTRODUCTION
============

The Sm-like protein Hfq is an essential co-factor for post-transcriptional gene regulation by small non-coding RNA (sRNA) in bacteria \[reviewed in ([@gkt521-B1])\]. Many bacterial sRNAs base pair with sequences in the 5′ untranslated region of the target mRNA, stimulating or repressing translation initiation \[reviewed in ([@gkt521-B2],[@gkt521-B3])\], or increasing the rate of mRNA decay by RNase E \[reviewed in ([@gkt521-B4; @gkt521-B5; @gkt521-B6])\]. Hfq facilitates interactions between sRNAs and their mRNAs targets, increasing the rate of RNA base pairing and stabilizing the sRNA--mRNA complex ([@gkt521-B7; @gkt521-B8; @gkt521-B9; @gkt521-B10]). Despite abundant evidence that Hfq can promote the formation and exchange of base pairs *in vitro* ([@gkt521-B11; @gkt521-B12; @gkt521-B13]), how Hfq accomplishes this remains unknown. Here, we show that conserved basic residues on the rim of Hfq are essential to its annealing and strand exchange activity, but dispensable for sequence-specific binding. We propose these residues form the active site for base pair exchange, enabling Hfq to increase the rate of sRNA--mRNA base pairing.

Bacterial Hfq is a homohexamer (67 kDa) that forms a symmetric ring and belongs to Sm/Lsm superfamily of RNA-binding proteins ([@gkt521-B7]). The Sm core of Hfq is conserved ([@gkt521-B14],[@gkt521-B15]) and forms two RNA-binding surfaces for single-stranded U/A-rich RNAs ([@gkt521-B16]). The inner surface of the 'proximal' face of *Escherichia coli* Hfq preferentially binds U-rich RNA ([@gkt521-B15]), forming a particularly stable complex with U's found at the 3′ends of sRNAs ([@gkt521-B17]). The distal face binds an A-rich AAN motif ([@gkt521-B16],[@gkt521-B18]) found in mRNA targets of sRNA regulation ([@gkt521-B19]). A disordered 30 amino acid C-terminal extension of *E. coli* Hfq, of which the function is not understood, extends outward from the Sm core in solution ([@gkt521-B20]).

Although Hfq binds its preferred substrates tightly (≤20 nM); see ([@gkt521-B16],[@gkt521-B21],[@gkt521-B22]), it cycles rapidly between different RNAs ([@gkt521-B23]) and may diffuse along a single RNA ([@gkt521-B13]). Competitive binding and *in vitro* FRET experiments showed that Hfq transiently forms a ternary complex with two complementary RNA strands before releasing the duplex and cycling off its RNA substrate ([@gkt521-B10],[@gkt521-B11],[@gkt521-B23],[@gkt521-B24]). This dynamic behavior is crucial to Hfq's chaperone activity ([@gkt521-B11],[@gkt521-B12],[@gkt521-B23],[@gkt521-B25]).

Translation of *E. coli rpoS* mRNA is upregulated by three different sRNAs (DsrA, RprA and ArcZ) that base pair with the *rpoS* leader and open an inhibitory stem--loop, which inhibits ribosomes binding in the absence of sRNAs ([@gkt521-B26; @gkt521-B27; @gkt521-B28]). Although AAN motifs in the *rpoS* mRNA recruit the distal face of Hfq and increase the rate of sRNA annealing ([@gkt521-B19],[@gkt521-B29],[@gkt521-B30]), Hfq can promote base pairing between short RNAs lacking an U-rich or A-rich Hfq-binding site *in vitro* ([@gkt521-B30]). These observations indicated that Hfq's chaperone activity is distinct from its recognition of specific RNA sequences and likely involves a separate interaction surface.

Previous work suggests that the rim or lateral edge of Hfq provides this third interaction surface. Sauer *et al.* ([@gkt521-B31]) reported that sRNA bodies interact with the rim of the Sm core, and that mutations in rim arginines diminish this effect. The outer surface of the proximal face was earlier proposed to interact with tRNAs ([@gkt521-B32]), and mutations at R16 in the rim diminished binding of sRNAs and double-stranded DNA ([@gkt521-B33]). Rim mutations reduce binding of certain sRNA to Hfq *in vivo* and were recently found to impair positive sRNA regulation of *rpoS* and *fhlD* expression and some negative regulatory interactions ([@gkt521-B34]). Thus, these studies indicated that basic residues on the rim of Hfq contribute to its biological function.

Here, we report that conserved arginines along the rim of *E. coli* Hfq are required for its RNA chaperone activity but are not required for recognition of A-rich and U-rich sequence motifs found in many mRNAs and sRNAs, respectively. Consistent with and extending previous observations that single mutations reduce Hfq's ability to act in positive regulation ([@gkt521-B34]), replacement of all three arginines on the rim of Hfq with alanine greatly diminish its ability to support regulation of an *rpoS-lacZ* reporter by sRNAs. Hfq variants with rim mutations fail to facilitate sRNA binding and RNA helix formation in native polyacrylamide gel electrophoresis (PAGE) and fluorescence assays *in vitro*. Moreover, FRET and anisotropy experiments demonstrate that rim mutations slow down the dynamics of RNA binding and release, resulting in Hfq--RNA complexes that are stable but inert. Our results suggest how the arginine patch on the rim of Hfq combines with specific RNA-binding sites on the proximal and distal faces to produce a highly effective RNA chaperone.

MATERIALS AND METHODS
=====================

Hfq sequence alignment
----------------------

Bacterial Hfq sequences were retrieved from UniProt, and 384 reviewed protein sequences aligned using Clustal Omega ([@gkt521-B35]). This alignment was similar to that obtained for 26 different bacterial species ([@gkt521-B14]) using the Cobalt Constraint-based Multiple Alignment Tool (<http://www.ncbi.nlm.nih.gov/tools/cobalt/>).

Bacterial strains and β-galactosidase assays
--------------------------------------------

The desired *hfq* alleles were transduced into *E. coli* strains containing the *rpoS::lacZ* reporter as previously described ([@gkt521-B36]) and transformed with plasmids expressing sRNAs (DsrA/RprA/ArcZ) from the *lac* promoter (pLac). Strains were WT *hfq*^+^, PM1409 (lacl'::pBAD-rpoS576-lacZ), *hfq*^−^, PM1419 (lacl':: pBAD-rpoS576-lacZ; Hfq::Cat), Hfq:R16A, S630207, Hfq:R16A, R17A, R19D and DJ52807. Transformants were grown in LB with arabinose (0.2%), ampicillin (100 μg/ml) and IPTG (100 µM). After growth for 4, 6 h or over-night, the OD~600~ was determined, 0.1 ml of aliquots of culture was lysed, and β-galactosidase activity was measured as described previously ([@gkt521-B8]). The specific activities were calculated by Vmax/OD~600~ and were the average of three independent measurements.

Hfq purification
----------------

Wild-type Hfq was overexpressed and purified using a Hi-Trap Co^2+^ column as previously described ([@gkt521-B8]). The protein was free of RNA, based on absorption at 260 and 280 nm. Hfq mutants \[R16A; R19A; R16K; R16A,R17A,R19D (TM); S38W; R16A,S65C\] were obtained by QuikChange (Stratagene) and purified using the same protocol. R16A,S65C was treated with Cy3 maleimide (GE Healthcare) according to the manufacturer's protocol and re-purified by Hi-Trap Co^2+^ chromatography. Labeling efficiency was ∼21% based on absorption at 280 and 550 nm ([@gkt521-B12]).

Molecular beacon and RNA substrates
-----------------------------------

RNA molecular beacons ([Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt521/-/DC1)) were synthesized and purified by reverse phase high-performance liquid chromatography (Trilink Biotechnologies) as previously described ([@gkt521-B12],[@gkt521-B30]). Substrate oligonucleotides ([Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt521/-/DC1)) were synthesized by Invitrogen and purified by 8% PAGE ([@gkt521-B30]). Concentrations were determined by absorption at 260 nm using the manufacturer's extinction coefficient. DsrA, RprA, ArcZ56 and rpoS323 RNAs were transcribed *in vitro* as previously described ([@gkt521-B8],[@gkt521-B19]).

Native gel mobility shift of sRNA and *rpoS* RNA
------------------------------------------------

Hfq binding with *rpoS* mRNA (rpoS323) or sRNAs DsrA, RprA, ArcZ (56 nt) was measured at 30°C by native gel mobility shift ([@gkt521-B19]). The fraction of bound RNA was fit to a single-site-binding isotherm, which approximates association of the first Hfq hexamer with the RNA. The association kinetics of ^32^P-labeled *rpoS* mRNA leader (rpoS323) with 200 nM sRNA was measured by native gel shift ([@gkt521-B19]), with or without 1 µM Hfq monomer. The fraction of counts in each lane corresponding to rpoS•DsrA (R•D) or rpoS•Hfq•DsrA (R•H•D) versus time was fit to a biphasic rate equation as described later in the text.

Fluorescent-binding assays
--------------------------

Changes in tryptophan fluorescence intensity were measured by exciting Hfq:S38W (1 µM) at 290 nm and recording emission at 340 nm after the addition of RNA (Fluorolog-3, Horiba). The percent quenching was calculated from {\[I(0) − I(RNA)\]/I(0)} × 100%, in which I(0) is the tryptophan emission in the absence of RNA and I(RNA) the emission in the presence of RNA. Binding assays based on the fluorescence anisotropy of D16-FAM or A18-FAM were performed as previously described ([@gkt521-B12],[@gkt521-B37]).

Molecular beacon annealing assays
---------------------------------

The association kinetics between the molecular beacon (50 nM) and the target RNA (50 nM) in TNK buffer (10 mM Tris--HCl, pH 7.5, 50 mM NaCl and 50 mM KCl) at 30°C was measured by stopped-flow fluorescence as previously described ([@gkt521-B12]). The strand exchange kinetics was measured by pre-equilibrating 50 nM rMBD16 and 50 nM D16 at 30°C for 1 h and then mixing with 50 nM cD16 in the absence or presence of Hfq ([@gkt521-B12]). The normalized change in fluorescence intensity, ΔF(t), was fit to a double exponential rate equation, in which *A*~fast~ and *A*~slow~ represent the amplitudes and *k*~fast~ and *k*~slow~ the rate constants of the fast and slow phases. The observed rate constants for five or more trials were averaged.

Hfq-binding kinetics
--------------------

Association of D16-FAM (50 nM) and 500 nM Hfq-Cy3 in TNK at 30°C was measured by stopped-flow FRET as previously described ([@gkt521-B24]). The decrease in the donor signal was detected using a 515-nm cut-off filter and fitted to a single or double exponential rate equation. The steady-state fluorescence polarization of D16-FAM after binding and release from Hfq was measured as described previously ([@gkt521-B24]).

RESULTS
=======

Conserved basic residues on the Hfq rim are required for sRNA regulation
------------------------------------------------------------------------

Arginines at positions 16, 17 and 19 of *E. coli* Hfq form a patch of positive charge on the outer rim of the Sm core, at the top of a shallow groove leading out from the RNA-binding site along the inner surface of the proximal face ([Figure 1](#gkt521-F1){ref-type="fig"}a) ([@gkt521-B14]). Alignment of 384 Hfq sequences ([Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt521/-/DC1)) showed that R16 is nearly invariant within this sequence collection, whereas position 17 is usually R or K ([Figure 1](#gkt521-F1){ref-type="fig"}a). Position 19 is least conserved, but frequently R, K or N. The acidic E18 side chain, which is also moderately conserved, points away from the basic patch toward the distal face. Figure 1.Conserved arginine patch on the rim of Hfq. (**a**) Electrostatic contact potentials were calculated on the surface of Hfq (*1HK9*) using PyMOL and viewed from the proximal side. Conserved arginines on the rim of Hfq ([Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt521/-/DC1)) are shown in detail. The disordered C-terminal 30 residues are not visible but extend from a point near the distal side of this basic patch. (**b**) *lacZ* reporter for regulation of *rpoS* translation by sRNAs was introduced into the *E. coli* chromosome under control of P~BAD~ promoter. (**c**) β-galactosidase activity in strains containing sRNA expression plasmids or pLac vector, in the presence of endogenous (WT) Hfq, or Hfq containing rim mutations.

Previous studies showed that R16 and R17 contribute to positive regulation of mRNA translation by sRNAs in *E. coli* ([@gkt521-B34]), and that these effects cannot be wholly explained by poor binding and stabilization of sRNAs. To further determine whether this 'arginine patch' on the rim of the Hfq hexamer is needed for its function, we simultaneously replaced all three rim arginines with alanine or aspartate (R16A, R17A and R19D) and measured the ability of this triple mutant (TM) *hfq* allele to support up-regulation of a translational *rpoS::lacZ* fusion in *E. coli* ([Figure 1](#gkt521-F1){ref-type="fig"}b) as previously described ([@gkt521-B8]). As expected, overexpression of DsrA, RprA or ArcZ sRNA from IPTG-inducible plasmids activated the expression of β-galactosidase from the *rpoS::lacZ* fusion in the presence of wild-type Hfq ([Figure 1](#gkt521-F1){ref-type="fig"}c) compared with background from endogenous DsrA in vector controls (pLac). RprA and ArcZ sRNAs were unable to increase *rpoS* expression in an *hfq* null strain, also as expected. By contrast, overexpressed DsrA can partially induce *rpoS* expression in the absence of Hfq ([@gkt521-B8]).

Importantly, mutation of R16 alone or of all three arginines (TM) greatly reduced the ability of sRNAs to upregulate *rpoS-lacZ* translation ([Figure 1](#gkt521-F1){ref-type="fig"}c). In the strain containing TM Hfq, ArcZ sRNA could not activate expression at all compared with the vector control. Similar results were obtained when *lac* expression was measured on MacConkey-lactose indicator plates, using a strain overexpressing ArcZ ([Supplementary Figure S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt521/-/DC1)). Although a R19D mutation had only a small effect in this assay, neither the R16A nor the triple *hfq* mutations supported *rpoS::lacZ* induction by ArcZ. The TM Hfq similarly impaired the ability of RprA and DsrA sRNAs to regulate *rpoS*, although these sRNAs were less strongly affected by the single R16A mutation ([Figure 1](#gkt521-F1){ref-type="fig"}c). Together, these results showed that the rim arginines are needed for positive regulation of *rpoS* translation by sRNAs in *E. coli*.

Rim mutations do not prevent RNA binding
----------------------------------------

The mutation R16A was reported to weaken binding of sRNAs and double-stranded DNA ([@gkt521-B21]). Therefore, we tested whether the arginine patch is needed for RNA binding, and if loss of binding could explain the reduced function of rim mutants *in vivo*. Semi-native gels confirmed that Hfq:R16A and other Hfq mutants formed stable hexamers ([Supplementary Figure S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt521/-/DC1)), although the rim mutations reduce formation of dodecamers at high-protein concentration ([@gkt521-B38],[@gkt521-B39]).

Native gel mobility shift experiments ([Supplementary Figure S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt521/-/DC1)) showed that the R16A rim mutation had little effect on binding of Hfq to a fragment of the *rpoS* mRNA leader (rpoS323; [Table 1](#gkt521-T1){ref-type="table"}), which interacts with the distal face of Hfq through an (AAN)~4~ and A~6~ motif ([@gkt521-B19],[@gkt521-B40]) ([Figure 2](#gkt521-F2){ref-type="fig"}a). Binding of DsrA and RprA sRNA was weakened about three times ([Table 1](#gkt521-T1){ref-type="table"}), whereas the largest change was a four-fold increase in the dissociation constant for ArcZ56 ([Table 1](#gkt521-T1){ref-type="table"}), consistent with reduced co-immunoprecipitation of DsrA and ArcZ by Hfq:R16A ([@gkt521-B34]). We used the processed 56 nt form of ArcZ sRNA for these experiments because full-length ArcZ does not anneal with *rpoS* mRNA *in vitro* ([@gkt521-B8]). The triple mutant bound DsrA about as tightly as the R16A single mutant ([Table 1](#gkt521-T1){ref-type="table"}). From these and further results described later in the text, we concluded that the rim arginines contribute to sRNA interactions but are not required for stable binding of sRNAs or mRNAs. Figure 2.Rim mutants cannot facilitate annealing between sRNA and mRNA. (**a**) Annealing of ^32^P-labeled rpoS323, 200 nM sRNA and 1 mM Hfq was measured by native gel mobility shifts ([Supplementary Figure S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt521/-/DC1)). (**b**) Observed rate constants for formation of the rpoS•sRNA•Hfq ternary complex for Hfq rim mutants. Gray, no Hfq; black striping, WT Hfq; red, R16A; blue, R16K; dark cyan, R19A; magenta, R16A:R17A:R19D (TM). Table 1.Equilibrium binding constant for RNA and Hfq[^a^](#gkt521-TF1){ref-type="table-fn"}RNAK~H1~ (nM)WTR16ATMA1813.22.316.8D1622.539.817.5CU0.10.07DsrA132373300RprA187623ArcZ5649190rpoS323144196[^1]

Rim mutants lack RNA annealing activity
---------------------------------------

Although rim mutations did not prevent Hfq from binding its substrates, loss of the arginine patch eliminated the ability of Hfq to facilitate sRNA--mRNA base pairing *in vitro*. We measured the rate of sRNA--mRNA annealing by mixing ^32^P-labeled rpoS323 with 200 nM sRNA (DsrA, RprA or ArcZ56) and 1 µM Hfq. At various times after mixing, binary and ternary complexes were resolved by native PAGE ([Supplementary Figure S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt521/-/DC1)). Wild-type Hfq accelerates base pairing between DsrA and rpoS323 mRNA ∼80 times (k~obs~ = 4.0 min^−1^) compared with the same reaction in the absence of Hfq (k~obs~ = 0.05 min^−1^; [Figure 2](#gkt521-F2){ref-type="fig"}). In the presence of the R16A and R19A single mutants, or the triple mutant (TM) Hfq, however, the annealing rate was virtually the same as in the no Hfq control (k~obs~ = 0.08 and 0.05 min^−1^).

The Hfq rim mutants were similarly unable to facilitate annealing of RprA and ArcZ sRNAs with rpoS323 ([Figure 2](#gkt521-F2){ref-type="fig"}). This loss of activity was not because of poor RNA binding because control lanes with *rpoS* mRNA and Hfq contain the expected *rpoS*--Hfq complex (R•H; [Supplementary Figure S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt521/-/DC1)). It was also not explained by weakened sRNA binding because even the triple mutant retains an ability to bind DsrA ([Table 1](#gkt521-T1){ref-type="table"}), and all three sRNAs were equally inert *in vitro*, although the R16A mutation affected their Hfq affinity to different degrees. Thus, these results suggested that the arginine patch facilitates annealing, beyond its contributions to RNA binding.

Conserved basic residues at the Hfq rim interact with RNA non-specifically
--------------------------------------------------------------------------

As the positively charged surface created by R16, R17 and R19 lies between the RNA-binding sites on the proximal and distal faces of the Sm core, this arginine patch could potentially interact with RNAs bound on either side of the hexamer core. To test whether RNAs interact directly with the rim of Hfq, we introduced a unique tryptophan at S38, which lies in the shallow groove on the proximal side near R16 and should be quenched if RNA binds along the rim ([Figure 3](#gkt521-F3){ref-type="fig"}a). The fluorescence intensity of 1 µM Hfq:S38W (∼170 nM hexamer) was measured after addition of different concentrations of RNAs containing either U or A-rich sequences ([Figure 3](#gkt521-F3){ref-type="fig"}b). Figure 3.RNAs interact with the outer rim of Hfq. (**a**) Model of tryptophan substitution at S38 to monitor RNA binding on the rim of Hfq. (**b**) RNAs used in trp quenching experiments. DsrA and U~6~ sequences (orange or red) interact with the proximal face, whereas A~18~ (dark green) binds the distal face. (**c**) Relative quenching of trp fluorescence emission (340 nm) versus RNA concentration.

DsrA sRNA quenched the fluorescence of W38, indicating it interacts with the groove along the rim of the hexamer ([Figure 3](#gkt521-F3){ref-type="fig"}c) as expected ([@gkt521-B31],[@gkt521-B41]). This interaction did not depend on the secondary structure of DsrA, as an unstructured 16mer containing only the internal U-rich sequence from DsrA (D16) also quenched W38 to a similar degree ([Figure 3](#gkt521-F3){ref-type="fig"}c). To further dissect the function of the arginine patch, we used a synthetic GC-rich 16-nt target sequence, which on its own binds Hfq weakly ([@gkt521-B30]). This GC-rich sequence was also able to quench W38 when it was recruited to the proximal or distal face of Hfq through a U~6~ or A~18~ 3′-tail, respectively (CU and CA; [Figure 3](#gkt521-F3){ref-type="fig"}c). By contrast, rU~6~ (black) and rA~18~, which bind Hfq tightly (*K*~d~ = 0.1 and 13 nM Hfq~6~; [Table 1](#gkt521-T1){ref-type="table"}) but are too short to reach the rim ([@gkt521-B15],[@gkt521-B17],[@gkt521-B18]), did not quench W38 fluorescence (magenta; [Figure 3](#gkt521-F3){ref-type="fig"}c). Using fluorescence anisotropy to measure the overall affinity of these oligonucleotides ([Supplementary Figure S6](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt521/-/DC1)), we found that the R16A and TM mutations changed the apparent *K*~d~'s no more than 2-fold ([Table 1](#gkt521-T1){ref-type="table"}).

From these results, we concluded that natural or synthetic RNA sequences can engage the arginine patch on the rim of Hfq, but these residues are not required for recruitment of U-rich or A-rich RNAs to the protein. We additionally inferred that the rim-binding site must have low-RNA sequence specificity, as our engineered CG-rich target sequence was able to quench W38 as potently as DsrA (compare DsrA and CU; [Figure 3](#gkt521-F3){ref-type="fig"}c). Rim interactions are also weaker than sequence-specific contacts with the proximal and distal faces, as the dissociation constant of the CG-rich sequence alone is ∼1 µM compared with nanomolar dissociation constants for oligomers with an additional U~6~ or A~18~ tail ([@gkt521-B30]). As the degree of quenching was the same whether the RNA was anchored to Hfq by U~6~ or by A~18~ (compare CU and CA), we concluded that RNAs bound to either face of Hfq interact with the arginine patch on the rim.

Rim mutation impairs annealing of short RNAs
--------------------------------------------

We next used engineered oligonucleotides to dissect how the arginine patch functions in sRNA--mRNA annealing. The annealing rates were measured by stopped-flow spectroscopy, using an RNA molecular beacon that becomes more fluorescent when based paired with the target RNA ([Figure 4](#gkt521-F4){ref-type="fig"}a). When the target RNA had a 3′ A~18~ tail that binds the distal face (CA), WT Hfq accelerated annealing up to 30 times (black; [Figure 4](#gkt521-F4){ref-type="fig"}b). However, Hfq:R16A increased the rate of base pairing no more than six times above the no Hfq background (red; [Figure 4](#gkt521-F4){ref-type="fig"}b). A similar difference was observed when the target had a U~6~ tail (CU; [Figure 4](#gkt521-F4){ref-type="fig"}c and d), although the annealing rate was lower for both proteins because the U~6~ tail prevents release of the target from the proximal face of Hfq ([@gkt521-B30]). The sensitivity of these U6 and A18 substrates to proximal and distal face mutations confirmed they bind opposite surfaces of Hfq as expected ([@gkt521-B30]). Figure 4.Basic rim patch is required for annealing U-rich and A-rich substrates. (**a**) RNA oligonucleotides for Hfq annealing assays. Base pairing of a molecular beacon (blue) with oligo CA increases FAM fluorescence. Oligo CA contains a non-specific target region (gray) and 3′ A~18~ Hfq-binding site (green). (**b**) Annealing rates were measured by stopped-flow fluorescence in TNK buffer at 30°C, using 50 nM beacon (rMBDss), 50 nM target RNA and 0--5000 nM Hfq monomer. Observed rate constants (average of five trials) are plotted against Hfq concentration. (**c**) Oligo CU contains the non-specific target region and a 3′ U~6~ Hfq-binding site (orange). (**d**) Observed annealing rates for oligo CU as in (b).

The R19A mutation, which lies toward the distal side of the hexamer, also compromised Hfq's annealing activity, but the preference for U- or A-rich substrates was opposite that of Hfq:R16A. When the target ended with A~18~, Hfq:R19A was less active than Hfq:R16A ([Figure 4](#gkt521-F4){ref-type="fig"}b). The R19A mutant was more active than Hfq:R16A, however, when the target ended in U~6~ ([Figure 4](#gkt521-F4){ref-type="fig"}d). These data suggested that the relative importance of individual side chains within the arginine patch depends on whether the RNA approaches the rim from the proximal side, nearest R16, or from the distal side, where it would first encounter R19.

The triple mutant lacking all rim arginines was completely inactive on either substrate (pink; [Figure 4](#gkt521-F4){ref-type="fig"}b and d). The triple mutant actually inhibited annealing of the CU oligomer compared with the no Hfq control, presumably because this protein forms a stable yet inactive complex with the U-rich substrate. Thus, although the rim arginines play slightly different roles in engaging RNAs from the proximal or distal faces of the hexamer, removal of all three rim arginines results in total loss of annealing activity, even toward unstructured RNAs that bind mutated Hfq with high affinity.

Lysine cannot replace R16 for Hfq function on long RNAs
-------------------------------------------------------

As residue 16 is nearly always arginine in bacterial Hfq's, we asked whether the positive charge alone is important for its chaperone function. When R16 was replaced with lysine, Hfq:R16K also increased the initial rate of base pairing between unstructured CA and CU RNAs and an RNA molecular beacon (blue; [Figure 4](#gkt521-F4){ref-type="fig"}b and d) but was only partially able to facilitate base pairing between sRNAs and rpoS323 ([Supplementary Figure S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt521/-/DC1)). Although a small fraction of ^32^P-labeled *rpoS* mRNA immediately shifted into a ternary complex with DsrA and Hfq:R16K, the remaining ternary complex formed slowly. As base pairing between DsrA and *rpoS* mRNA is needed for a ternary complex stable enough to be trapped in the native gel ([@gkt521-B40]), this result suggested that some base pairing occurs rapidly, but other Hfq:R16K complexes do not progress toward a base paired state. With ArcZ56, Hfq:R16K ternary complexes appeared at rates intermediate between those of WT and R16A Hfq ([Supplementary Figure S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt521/-/DC1)).

These results suggested that the positive charge of the arginine patch is important for annealing activity, but R16 may contribute to recognition or restructuring of long RNAs. This idea was supported by the reduced activity of the R16K mutant in a strand exchange assay ([Supplementary Figure S7](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt521/-/DC1)), which requires interaction with a double-stranded substrate. Although WT Hfq increased the rate of strand exchange 90 times compared with no Hfq, Hfq:R16A was unable to do so at all, whereas Hfq:R16K and Hfq:R19A increased the rate only 10 times ([Supplementary Figure S7c](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt521/-/DC1)). Thus, the arginines on both sides of the rim of Hfq are needed for strand exchange as well as for optimal annealing.

Rim mutation impairs RNA cycling on Hfq
---------------------------------------

During the annealing cycle, Hfq rapidly binds two single-stranded RNAs in a transient ternary complex, then releases the newly formed duplex ([@gkt521-B24]). In natural substrates, Hfq remains bound to A-rich motifs in the *rpoS* mRNA, resulting in stable ternary complexes that can be seen in native gels after the RNAs have base paired ([@gkt521-B40]). Short RNAs lacking an A-rich-binding site for Hfq are rapidly released into solution when the complementary regions base pair ([@gkt521-B24]). If the arginine patch is directly involved in the formation and exchange of RNA base pairs, at least one of these binding and release steps should be defective in the R16A mutant.

To test this, we first directly measured the RNA-binding rate by stopped-flow FRET, using FAM-labeled D16 RNA and Cy3-labeled Hfq ([Figure 5](#gkt521-F5){ref-type="fig"}a). WT Hfq binds D16 with two kinetic phases, in which the fast phase (37 s^−1^) contributes most directly to rapid annealing of short oligonucleotides ([@gkt521-B24]). By contrast, we observed only the slow binding phase (0.6 s^−1^) for the R16A mutant ([Figure 5](#gkt521-F5){ref-type="fig"}b and [Supplementary Figure S8a--c](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt521/-/DC1)), implying less dynamic RNA--Hfq interactions, even though D16 RNA binds Hfq:R16A less tightly than WT Hfq overall ([Table 1](#gkt521-T1){ref-type="table"}). Figure 5.Rim arginines catalyze rapid single-strand binding and duplex release. (**a**) FRET assay for Hfq binding. When D16 RNA binds Cy3-labeled Hfq, energy transfer reduces the fluorescence emission of the FAM donor. (**b**) After mixing 50 nM D16-FAM RNA with 500 nM Cy3-labeled R16A Hfq, the decrease in FAM emission because of FRET was fit to a single exponential rate equation, assuming one RNA binds each hexamer. Fitted curves compare the binding kinetics of WT and R16A Hfq (inset). (**c**) Detection of ternary and binary complexes by anisotropy. (**d**) Steady-state anisotropy of 50 nM D16-FAM, after mixing with 100 nM Hfq~6~ and addition of complementary RNA (50 nM cD16) a few minutes later (arrows). Black, WT Hfq; red, Hfq:R16A; gray, no Hfq. The rise in anisotropy because of Hfq-independent base pairing (gray) and the decrease in the anisotropy of the R16A ternary complex were fit to single-exponential rate equations (data not shown), yielding observed rate constants of 0.018 and 0.02 s^−1^, respectively.

We next attempted to directly observe turnover of Hfq ternary complexes using fluorescence anisotropy, which is sensitive to the hydrodynamic size and thus molecular weight of the complex ([Figure 5](#gkt521-F5){ref-type="fig"}c). When 83 nM WT Hfq~6~ was added to 50 nM D16-FAM, the anisotropy of the RNA jumped from 0.035 to 0.127 ([Figure 5](#gkt521-F5){ref-type="fig"}d), as expected given that binding is faster than the anisotropy measurement time \[[Supplementary Figure S8b](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt521/-/DC1); ([@gkt521-B24])\]. When complementary cD16 RNA was added to the D16-Hfq complex, a brief spike in anisotropy (0.14) corresponding to formation of the ternary complex was followed by a rapid decrease in anisotropy to 0.074 indicating Hfq release from the D16-cD16 duplex (black; [Figure 5](#gkt521-F5){ref-type="fig"}d). The final anisotropy was only slightly higher than that of D16-cD16 alone (gray; [Figure 5](#gkt521-F5){ref-type="fig"}d), suggesting that most of the RNA was released from Hfq.

When the same experiment was done with Hfq:R16A (red; [Figure 5](#gkt521-F5){ref-type="fig"}d), the anisotropy again increased, indicating that D16-FAM was able to bind as expected. When cD16 RNA was added to the Hfq•D16 complex, however, the anisotropy dropped slowly, requiring several minutes to reach the anisotropy of the RNA duplex. Importantly, the rate constant for this change, 0.021 s^−1^, was the same within error as the rate of base pairing in the absence of Hfq (0.018 s^−1^, gray; [Figure 5](#gkt521-F5){ref-type="fig"}d). This can be explained by occasional dissociation of D16 RNA from Hfq and base pairing of the two RNA strands in solution. Taken together, the FRET and anisotropy results showed that the R16A mutant binds D16 RNA, but forms passive complexes that do not accelerate the formation and release of double helices, in agreement with the results of our annealing assays.

The results of the anisotropy experiment were confirmed by stopped-flow FRET assays, which showed that double-stranded RNA is rapidly released from WT but not R16A Hfq ([Supplementary Figure S8d--f](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt521/-/DC1)). Similarly, addition of D16-FAM RNA to Hfq-Cy3 in the presence of a complementary RNA strand showed that it binds and dissociates from WT Hfq in less than a second ([Supplementary Figure S8h](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt521/-/DC1)) and ([@gkt521-B24]). By contrast, D16-FAM RNA failed to dissociate from Hfq:R16A within our 20 s observation window ([Supplementary Figure S8i](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt521/-/DC1)). Therefore, the R16A rim mutation eliminates the dynamic exchange of RNA strands intrinsic to Hfq's annealing activity.

DISCUSSION
==========

An active site for RNA annealing
--------------------------------

sRNA regulation of gene expression relies on efficient binding of sRNAs to their mRNA targets, which is facilitated by the abundant bacterial Sm-like protein Hfq. Hfq has been long known to interact with both U-rich and A-rich single strands ([@gkt521-B42],[@gkt521-B43]) and seems to raise the effective stability of sRNA--mRNA complexes as well as increase the binding kinetics ([@gkt521-B7],[@gkt521-B8]). More recently, Sauer *et al.* ([@gkt521-B31]) proposed that interactions with the rim remodel the sRNA body and consequently enhance base pairing with another RNA. Nonetheless, these binding surfaces of the Hfq hexamer do not fully explain how Hfq accelerates base pairing of short (unstructured) RNAs lacking a U or A-rich sequence ([@gkt521-B30]).

Here, we demonstrate that the highly conserved arginine patch on the rim of the Hfq hexamer constitutes an active site for helix formation and strand exchange, accelerating base pair formation by forming dynamic and non-specific interactions with RNAs recruited to the distal and proximal faces of the hexamer ([Figure 6](#gkt521-F6){ref-type="fig"}). Release of the double-stranded product resets the arginine patch active site for another cycle of helix formation. Figure 6.Model for Hfq-dependent RNA annealing. (**a**) Superposition of *E. coli* Hfq \[*3GIB*; ([@gkt521-B18])\] and *S. aureus* Hfq \[*1KQ2*; ([@gkt521-B15])\], showing A~18~ bound to the distal face (green) and 5′AU~5~G bound on the proximal face (orange). Arginine patch on the rim of Hfq (blue) catalyzes base pair formation and exchange. (**b**) View of the proximal face, showing hypothetical path (orange) from inner pore to active site. (**c**) Cartoon of arginines contacting RNA in active site. (**d**) Model for annealing. The distal face of Hfq binds mRNA AAN motifs (green). Unstructured RNAs (gold) engage the proximal side of the rim non-specifically (top). The sRNA U~6~ tail (orange) binds the proximal pore (bottom). After helix nucleation in the rim active site, zippering of the complementary region leads to dissociation of the double helix from the proximal face of Hfq. Release is slower when the sRNA is tightly bound to the proximal side (bottom).

Rim mutations reduced or eliminated the ability of Hfq to anneal natural substrates and short oligonucleotides ([Figures 3](#gkt521-F3){ref-type="fig"} and [4](#gkt521-F4){ref-type="fig"}). Moreover, the R16A mutation eliminated rapid binding and release of short RNAs from the Hfq hexamer, indicating that the intrinsic dynamics of the RNA--Hfq complexes were changed. Displacement of an RNA oligonucleotide is normally efficient and rapid (20--30 s^−1^) when a complementary strand is added to the reaction because the newly formed duplex binds Hfq much less well than the single strands ([@gkt521-B24]). By contrast, Hfq:R16A failed to release bound RNA when the complementary RNA was added ([Figure 5](#gkt521-F5){ref-type="fig"} and [Supplementary Figure S8](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt521/-/DC1)), implying that the mutant protein was unable to promote base pairing.

Several observations suggest this loss of activity is not merely the result of poor RNA binding. Not only do rim mutations inhibit sRNA annealing much more than they reduce sRNA binding, but the rim mutations do not affect recruitment of Hfq to the *rpoS* mRNA, which is critical for sRNA annealing ([@gkt521-B40]) and regulation ([@gkt521-B8]). The triple Hfq mutant (lacking all rim arginines) binds short RNAs with normal (WT) affinity and DsrA about three times less tightly than WT Hfq, yet has no measurable annealing activity on any substrate. We also noted that poor annealing of short RNAs was not overcome by increased Hfq concentration, as might be expected if the rim mutations weakened substrate binding but not catalysis of helix formation ([Figure 4](#gkt521-F4){ref-type="fig"}).

The rim arginines, and particularly R16, do contribute to binding of natural sRNAs in our experiments, as previously reported ([@gkt521-B31]). We suggest this is because R16 specifically interacts with double-stranded regions of the sRNA, or because the arginine patch partially unwinds structured RNAs as suggested by solution scattering studies ([@gkt521-B44],[@gkt521-B45]), allowing for more extensive interactions with the surface of Hfq. It could also arise from changes in the conformation of Hfq caused by the rim mutations. Regardless, Hfq's ability to accelerate the association of unstructured oligonucleotides as much as several hundred times ([@gkt521-B12],[@gkt521-B30]) cannot be explained by specific binding of sRNAs as proposed by Sauer *et al.* ([@gkt521-B31]). The arginine patch is essential to this intrinsic annealing activity, beyond any ability to remodel sRNAs.

The arginine patch overcomes barriers to helix nucleation
---------------------------------------------------------

Early studies of RNA relaxation kinetics demonstrated that nucleation of the double helix is slower than diffusion ([@gkt521-B46],[@gkt521-B47]), whereas the remaining base pairs 'zipper' rapidly (1 µs) once the first 2--3 bp of the helix have formed ([@gkt521-B48]). In the absence of sufficient base stacking, helix nucleation is unfavorable owing to the loss of configurational entropy in the RNA and electrostatic repulsion of the phosphates ([@gkt521-B49]). Thus, nucleation of the double helix limits the observed rate of helix formation.

Our model suggests how Hfq overcomes these barriers to helix nucleation, increasing the rate of helix formation 10--10 000-fold ([@gkt521-B24]). First, co-localization of the sRNA and mRNA by recruitment of adjacent U- and A-rich sequences to the proximal and distal faces, reduces the entropic penalty for bringing two strands together ([@gkt521-B7]). Second, the positive charge of the arginine patch reduces the electrostatic barrier to base pairing between complementary nucleotides, as predicted from the classical dependence of helix formation rates on ionic strength ([@gkt521-B50]). Other positively charged RNA-binding proteins, such as HIV nucleocapsid (NCp7) and *E. coli* StpA, promote base pairing through electrostatic interactions with the RNA ([@gkt521-B51],[@gkt521-B52]) and have a strong aggregating activity that promotes strand association. Third, as the R16K substitution also alters Hfq's activity, the arginine side chains may directly stabilize nascent Watson--Crick base pairs by forming bidentate hydrogen bonds with the minor groove face, as occurs in DNA polymerases ([@gkt521-B53]). A role for R16 in dsRNA binding is suggested by weaker binding of the R16A mutant to dsDNA and a double-stranded domain of DsrA sRNA ([@gkt521-B33],[@gkt521-B37]), and the proposed role of the rim in sRNA binding and exchange ([@gkt521-B31]).

Mechanism of sRNA--mRNA annealing
---------------------------------

The arginine patch on the rim of Hfq is perfectly situated to align RNA strands bound to the proximal and distal faces, and to form dynamic and flexible interactions with the sRNA seed sequence and its mRNA complement ([Figure 6](#gkt521-F6){ref-type="fig"}). Tryptophan quenching experiments ([Figure 2](#gkt521-F2){ref-type="fig"}) with oligonucleotides containing a U6 or A18 3′ tail confirm that the arginine patch is accessible from both faces of the hexamer and further indicate that interactions at the rim are weak \[∼1 µM monomer; ([@gkt521-B30])\] with low-sequence selectivity. Therefore, we infer that sequence-specific recruitment of sRNAs and mRNAs to the proximal and distal faces, respectively, positions adjacent nucleotides from each RNA to interact with the arginine patch and with each other ([Figure 6](#gkt521-F6){ref-type="fig"}a). This combination of specific and non-specific binding sites explains how Hfq is targeted to sRNAs and mRNAs RNAs as a class, yet can anneal a wide variety of antisense sequences ([@gkt521-B16],[@gkt521-B54]). Sauer *et al.* ([@gkt521-B31]) found that sRNA interacts the lateral rim of Hfq, and based on this proposed that the arginine patch on the rim orients sRNAs to form new base pairing interactions.

A minimal model for each annealing cycle is illustrated in [Figure 6](#gkt521-F6){ref-type="fig"}b. We assume for simplicity that the distal face of Hfq initially binds an A-rich motif in the mRNA (green; [Figure 6](#gkt521-F6){ref-type="fig"}b), as recruitment of Hfq to the mRNA is highly important for sRNA regulation ([@gkt521-B8],[@gkt521-B19],[@gkt521-B29],[@gkt521-B55]). As recruitment of the distal face to an A-rich sequence greatly increases the annealing rate, whereas recruitment of the proximal face to a U~6~ sequence does not, we propose that distal face binding places the target sequence where it can engage the arginine patch. This is further supported by the deleterious effect of the R19A mutation when the target RNA is recruited to the distal face of Hfq ([Figure 4](#gkt521-F4){ref-type="fig"}b).

With mRNA bound to the distal face, the proximal side of the arginine patch is free to bind a few residues from an sRNA or other RNA segment. As short, unstructured RNAs bind and dissociate from Hfq rapidly \[30--40 s^−1^; ([@gkt521-B24])\], we expect that non-specific interactions with the rim will be dynamic, allowing random sampling of nearby bases (top path; [Figure 6](#gkt521-F6){ref-type="fig"}b). If two complementary sequences engage the arginine patch, successful nucleation of the double helix leads to release of the duplex and complete zippering of the sRNA•mRNA helix ([@gkt521-B10]). When U-rich sequences in the sRNA bind the inner surface of the proximal face, annealing should be more efficient (bottom path; [Figure 6](#gkt521-F6){ref-type="fig"}b). However, we expect that such sRNA--mRNA pairs will release Hfq more slowly, unless the sRNA is actively displaced by another RNA ([@gkt521-B23]).

Depending on the intracellular RNA concentrations and the stability of the sRNA--mRNA base pairing, efficient annealing by Hfq can increase the effective concentration of the sRNA--mRNA duplex ([@gkt521-B8]). Transfer of Hfq between binding sites within the same RNA ([@gkt521-B19]) or to another RNA ([@gkt521-B23]) is also expected to stabilize the sRNA--mRNA duplex, leading to an apparent effect on the annealing equilibrium.

This model raises many questions yet to be investigated. First, co-precipitation experiments show that Hfq binds directly to many sRNAs *in vivo* ([@gkt521-B56],[@gkt521-B57]). We do not know whether the sRNAs bring Hfq to the mRNA, or transfer to the mRNA-bound Hfq, or if annealing can even occur between RNAs bound to two different hexamers. Second, the molecular details of RNA binding at the rim are not yet known, nor is it known how the RNAs strands move with respect to the arginine patch and whether more than one arginine patch is required for activity. Finally, the N- and C-terminal peptides, whose function remains unclear ([@gkt521-B58],[@gkt521-B59]), extend from the rim near the arginine patch. These intrinsically disordered regions of Hfq ([@gkt521-B20]) could conceivably assist RNA binding along the rim, or modulate the dynamics of RNA binding and release.

Implications for sRNA regulation
--------------------------------

Nearly all bacterial Hfq proteins have arginine at position 16, making it one of the most conserved residues in the protein. Although γ-proteobacteria have an RRER rim sequence that we predict is highly active in RNA annealing, this motif can have fewer arginines, particularly in Gram-positive bacteria ([@gkt521-B14]) as previously noted by Sauer *et al.* ([@gkt521-B31]). Among the Gram-positive bacteria in which the function of Hfq has been characterized, there exists an anecdotal correlation between the number of arginines (or lysines) at the rim and the function of Hfq in sRNA regulation: Hfq from *Listeria monocytogenes* (RKEK) was reported to stabilize sRNA--mRNA complexes ([@gkt521-B60]), but *Bacillus subtilis* Hfq (RKEN) may not be required for sRNA regulation ([@gkt521-B61],[@gkt521-B62]). *Staphylococcus aureus* Hfq is one of the rare examples with a lysine at position 16 (KANQ; [Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt521/-/DC1)). Its function in sRNA-dependent regulation is presently unclear ([@gkt521-B63],[@gkt521-B64]) but seems to differ from that of enteric γ-proteobacteria ([@gkt521-B65]). Although eukaryotic Lsm proteins lack the RRER motif, human Lsm proteins (apart from Lsm1 and Lsm8) contain at least one basic residue within this loop ([@gkt521-B66]).

The degree to which the arginine patch is required to facilitate sRNA--mRNA interactions may also vary among sRNAs in *E. coli*. *In vivo* reporter assays showed that R16 and R17 were important for upregulation of *rpoS* and *flhD* by ArcZ and McaS, respectively, and negative regulation of *fhlD* by ArcZ ([@gkt521-B34]). However, the same rim mutations had little effect on negative regulation of *sdhCDAB* and *sodB* by RyhB. Thus, the importance of the arginine patch to a particular regulatory interaction may reflect the degree to which an sRNA can anneal with an mRNA target without the help of Hfq, and whether Hfq must release the sRNA or recruit additional proteins such as RNase E to the sRNA--mRNA complex ([@gkt521-B67]). Our finding that the arginine patch acts in RNA annealing should help dissect these regulatory mechanisms.
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[^1]: ^a^Dissociation constants for Hfq hexamer were measured by fluorescence anisotropy (rA18, D16 and CU) or native gel mobility shift (sRNAs and rpoS323) at 30°C in TNK buffer. See [Supplementary Figures S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt521/-/DC1) and [S6](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt521/-/DC1) for details.
